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ABSTRACT
Packaging signals (PSs) of coronaviruses (CoVs) are specific RNA elements recognized by nucleocapsid (N) 
proteins that direct the selective packaging of genomic RNAs (gRNAs). These signals have been identified in the 
coding regions of the nonstructural protein 15 (Nsp 15) in CoVs classified under Embecovirus, a subgenus of 
betacoronaviruses (beta-CoVs). The PSs in other alpha- and beta-CoVs have been proposed to reside in the 5’- 
proximal regions of gRNAs, supported by comprehensive phylogenetic evidence. However, experimental data 
remain limited. In this study, we investigated the interactions between Severe Acute Respiratory Syndrome 
Coronavirus 2 (SARS-CoV-2) 5’-proximal gRNA transcripts and N proteins using electrophoretic mobility shift 
assays (EMSAs). Our findings revealed that the in vitro synthesized 5’-proximal gRNA transcripts of CoVs can 
shift from a major conformation to alternative conformations. We also observed that the conformer comprising 
multiple stem-loops (SLs) is preferentially bound by N proteins. Deletions of the 5’-proximal structural elements 
of CoV gRNA transcripts, SL1 and SL5a/b/c in particular, were found to promote the formation of alternative 
conformations. Furthermore, we identified RNA-binding peptides from a pool derived from SARS-CoV 
N protein. These RNA-interacting peptides were shown to preferentially bind to wild-type SL5a RNA. In 
addition, our observations of N protein condensate formation in vitro demonstrated that liquid-liquid phase 
separation (LLPS) of N proteins with CoV-5’-UTR transcripts was influenced by the presence of SL5a/b/c. In 
conclusion, these results collectively reveal previously uncharacterized binding features between the 5’- 
proximal transcripts of CoV gRNAs and N proteins.
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1. Introduction

Since the emergence of Severe Acute Respiratory Syndrome 
Coronavirus (SARS-CoV) in 2003, numerous studies have been 
conducted to understanding its life cycle. However, the molecular 
basis of nucleocapsid formation, a critical step in virion assembly, 
remains poorly understood [1–5]. In late 2019, a related virus, SARS- 
CoV-2, emerged and subsequently caused the global Coronavirus 
Disease 2019 (COVID-19) pandemic [6–8]. In coronaviruses (CoVs), 
nucleocapsids are mainly composed of genomic RNA (gRNA) and 
associated nucleocapsid (N) proteins [9]. It has been proposed that 
the encapsidation of gRNA is specifically initiated by the recognition 
of the so-called Packaging Signal (PS) that is exclusively possessed by 
viral gRNAs [10–12]. During this process, full-length gRNAs, but not 
the various sub-gRNAs (sgRNAs) or cellular mRNAs, are selectively 
encapsulated by N proteins and assembled into virus particles along 
with Membrane (M), Envelope (E), and Spike (S) proteins. Thus, the 
selective RNA-protein interaction between PSs and the N proteins is 
crucial for CoV genome packaging.

Structural models of SARS-CoV and SARS-CoV-2 N proteins 
have been partially resolved for their N-terminal domain (NTD) 
and C-terminal domain (CTD) by several independent research 
groups [13–19]. However, the crystal structures of the full-length 
N proteins remain unavailable, likely due to technical difficulties 
in structure studies. Nonetheless, the N protein is known to 
consist of several characteristic domains, including the N-arm, 
the RNA-binding NTD, the disordered Linker region (LKR) 
with the Serine (S)/Arginine (R)-rich motifs, the dimerization 
CTD, and the C-tail [16,20]. It has been suggested that the NTD 
plays a major role in RNA binding, while the CTD is primarily 
responsible for self-association and dimerization [21]. 
Additionally, the flanking sequences of the NTD and CTD, 
including the N-arm, LKR, and C-tail, have been proposed to 
be intrinsically disordered regions (IDRs). These regions con
tribute to the characteristic features of the N protein, such as its 
high positive charge and strong RNA-binding affinity [22–25]. 
Evidence also suggests that the RNA-binding affinity of the 
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N protein depends not only on the NTD but also on the CTD. 
This indicates that in addition to mediating oligomerization, the 
CTD may be involved in RNA binding and/or PS recognition 
[3,26,27]. Despite these findings, the detailed molecular basis of 
RNA binding by the N proteins is still poorly understood, 
though positively charged residues have been identified as cru
cial. Mapping the RNA-binding motifs in the N protein is there
fore important for advancing our knowledge of CoV gRNA 
encapsidation, particularly from the perspective of selective 
packaging.

Our research group and others have previously proposed 
that PSs in beta-CoVs may likely be situated either in the 5’- 
proximal untranslated region (UTR) or the coding region of 
Non-structural protein 15 (Nsp15) [9–12,26,28–30]. However, 
the precise location and sequence of the PS in SARS-CoV 
-2 have not been identified, despite Terasaki et al. identifying 
a 1.4-kb-long sequence located in the nsp12 and nsp13 coding 
regions that can mediate efficient viral RNA packaging [31]. 
The secondary structures of these PSs have been found to be 
lineage-specific, often featuring multiple clustered structural 
motifs, such as the highly conserved 5’-gUUUCGUc-3’ hexa- 
loop motifs found in SARS-CoV and SARS-CoV-2 5’-UTR 
[32]. Recently, in vitro-synthesized recombinant transcripts 
and defective RNAs containing the 5’- and 3’-proximal 
sequences of SARS-CoV-2 gRNA were shown to be replicated 
and packaged with the helper viruses [33,34]. These findings 
support the hypothesis that the PS of SARS-CoV-2 is possibly 
located in the 5’-proximal regions of the gRNA, consistent 
with the observations for SARS-CoV and Transmissible gas
troenteritis virus (TGEV) [9,28,35]. In this study, we charac
terized the binding features of SARS-CoV-2 5’-proximal 
gRNA transcripts and N proteins in vitro using primarily 
Electrophoretic Mobility Shift Assays (EMSAs) and attempted 
to identify the core RNA element(s) and peptide motif(s) 
crucial for their interaction.

2. Materials and methods

2.1. RNA synthesis by in vitro transcription

The cDNA sequences of CoV gRNAs were generated by reverse 
transcription of viral gRNAs using random-hexamer primers, 
including SARS-CoV-Frankfurt-1 (AY291315.1), SARS-CoV-2 
isolate Wuhan-Hu-1 (NC_045512.2), Mouse hepatitis virus 
(MHV)-A59 (NC_048217.1), and Human CoV (HCoV)-229E 
(NC_002645.1). The 5’-proximal ~300-nt cDNA fragments 
were cloned into pUC19 vectors, while mutants of these con
structs were generated with site-directed mutagenesis (Figure 
S2). The DNA templates for in vitro synthesis of RNA tran
scripts were generated by PCR using specific primer pairs 
(SARS-CoV-F/B: 5’-gaaattaatacgactcactataggatattaggtttttacc
tacccaggaaaagc-3’/5’-ttctcgttgacaccaagaacaaggctc-3’, SARS- 
CoV-2-F/B: 5’-gaaattaatacgactcactataggattaaaggtttataccttcc
cagg-3’/5’-tgttttctcgttgaaaccagggacaaggctctc-3’, MHV-A59- 
F/B: 5’-gaaattaatacgactcactataggtataagagtgattggcgtccgtacg
tac-3’/5’-atttgcccatctttgccattatgcaacctatgg-3’, HCoV-229E- 
F/B: 5’-gaaattaatacgactcactataggacttaagtaccttatctatctacaga
tag-3’/5’-acggttgcaggccattaggaacagttac-3’, in which the for
ward primers have additional T7 promoter sequences. The 

amplified DNA fragments were size-selected by electro
phoresis with native agarose gels, followed by gel extrac
tion and purification with phenol/chloroform. Purified 
T7-DNA templates were used to synthesize RNA tran
scripts with Amicon® Large Scale RNA Production 
System (Promega, USA), followed by treatment with 
RNase-free DNase I (Promega, USA), phenol/chloroform 
extraction, and ethanol precipitation. Fluorescently 
labelled SARS-CoV-2 SL5a and its mutant RNA oligos 
were synthesized by Integrated DNA Technologies (New 
Jersey, USA), with 5’ 6-FAM (Fluorescein) and 5’ Cy5™ 
fluorophores incorporated into the oligos, respectively. 
The purified 5’-transcripts and the fluorescence-labelled 
RNA oligos were subjected to EMSA with N protein and 
peptides, respectively.

2.2. Preparation of proteins and peptides

The production procedures of SARS-CoV-2 N proteins followed 
the methods previously reported by Ko et al. [36,37]. In brief, the 
full-length cDNA encoding SARS-CoV-2 N protein (isolate 
Wuhan-Hu-1, accession no. NC_045512) was synthesized chemi
cally with codon optimization and cloned into the pET21 vector 
to create pET21-SARS-CoV-2-N for the expression of C-terminal 
His6-tagged recombinant N proteins. Escherichia coli strain 
OverExpressTM C43 (DE3) (Sigma-Aldrich, USA) was trans
formed with pET21-SARS-CoV-2-N and cultured in lysogeny 
broth (LB) medium at 37°C until OD600 reached 0.6–0.8. 
Overexpression of SARS-CoV-2 N proteins was induced by the 
addition of 0.5 mm isopropyl β-D-thiogalactopyranoside (IPTG) 
(Sigma-Aldrich, USA) into the culture media, followed by incuba
tion at 15°C for 20 h. The cells were harvested by centrifugation, 
resuspended in lysis buffer consisting of 25 mm Tris-HCl (pH 
8.0), 500 mm NaCl, 10% glycerol, 1 mm tris(2-carboxyethyl) 
phosphine (TCEP) (Sigma-Aldrich, USA), and 1 mm phenyl
methylsulfonyl fluoride (PMSF) (Sigma-Aldrich, USA). 
Suspended cells were subjected to sonication on ice for lysis, 
followed by centrifugation at 28,000 g for 30 min at 4°C. The 
supernatant of the lysate was filtered with a 0.45 μm filter and 
loaded onto a HisTrap FF column (GE Healthcare, USA), fol
lowed by washing with lysis buffer containing 10 mm imidazole. 
The bound target proteins were eluted using a 20–200 mm imi
dazole gradient in the lysis buffer and analysed by SDS-PAGE for 
purity. Fractions containing the purified target proteins were 
pooled and concentrated using Amicon® Ultra-15 Centrifugal 
Filter Units (10 kDa molecular weight cut-off) (Millipore, USA), 
and the concentrated protein solution was dialysed against storage 
buffer (50 mm Tris-HCl, pH 8.0, 200 mm NaCl, and 5% glycerol). 
For protein condensate observation, RNA transcripts and 
N proteins were mixed in RNase-free buffer (10 mm MgCl2, 
50 mm HEPES, pH 7.0) prior to microscopic observation. The 
concentrations of NaCl, protein, and RNA which have been 
suggested as key to the formation of N-protein condensates 
were optimized as shown in Figure S4. The peptide library, con
sisting of 80 15-a.a. peptides spanning the whole SARS-CoV 
N protein (Urbani strain), was chemically synthesized, followed 
by HPLC purification (Kelowna International Scientific Inc., 
Taiwan). The sequences of the entire peptide library are listed in 
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Table S1. Purified proteins and peptides were subjected to EMSA 
with RNA transcripts, respectively.

2.3. EMSA of RNA transcripts with N proteins and 
peptides

For EMSAs, synthesized and purified RNA transcripts of the 
5’-proximal sequences of different CoV gRNAs and their 
mutants were subjected to refolding in the buffer containing 
50 mm HEPES (pH 7.5), 20 mm NaCl, and 10 mm MgCl2 at 
85°C for 30 s, followed by cooling at ambient temperature, 
except where otherwise specified. In general, 50 ng RNA 
transcripts were tested for binding to serially diluted 
N protein and peptides, respectively, by incubating the RNA- 
protein mixture at 4°C for 20 min and subjected to EMSA 
with native PAGE (4% 1:19 acrylamide) in a MOPS buffer 
system (200 mm MOPS, 50 mm NaOAc, pH 7.5). The native 
gels were stained with SYBR™ Gold Nucleic Acid Gel Stain 
(Thermo Fisher Scientific Inc., USA) to visualize the mobility 
shifts of 5’-proximal gRNA transcripts upon binding to the 
N proteins and peptides, respectively. For EMSA with RNA 
oligos, FAM-SL5a-Wt and Cy5-SL5a-Mut oligos were mixed 
and incubated with serially diluted peptides and N proteins, 
respectively, followed by native PAGE. The gel was imaged 
using an Amersham™ Typhoon™ Biomolecular Imager (GE 
Healthcare, USA) with detection filters specific for 
Fluorescein and Cy5, respectively, to distinguish the band 
shifts of 5’-FAM-SL5a-Wt and 5’-Cy5-SL5a-Mut oligos.

3. Results

3.1. Deletions of SL1 or SL5a/b/c alter the conformations 
of SARS-CoV-2 5’-proximal transcripts of gRNAs

We have previously reported that the secondary structure of the 
5’-proximal regions of CoV gRNAs exhibits a lineage-specific 
feature with five conserved structural elements, designated Stem- 
loop (SL) 1 to 5 [28,32]. The canonical secondary structure of the 
SARS-CoV-2 5’-UTR is shown in Figure S1A [38–44], which is 
highly similar to what has been reported for SARS-CoV and other 
related CoVs in the sub-genus Sarbecovirus [28,32]. To verify 
whether the 5’-proximal sequence of SARS-CoV-2 gRNA has 
a stable major conformation and if the structural elements 
SL1–5 contribute to its conformational stability, we studied the 

electrophoretic mobilities of in vitro synthesized 5’-proximal 
gRNA transcripts with differential SL deletions. The secondary 
structures and the primary sequences of the studied SARS-CoV-2 
and HCoV-229E transcripts are shown in Figure S1 and S2. It was 
shown that the wild-type 5’ RNA transcripts have a major band in 
native gels (Figure 1). However, in the presence of 20 mm mag
nesium ions (Mg2+), additional upper bands appeared, indicating 
that alternative conformers with significantly lower mobility 
formed under such conditions. Notably, transcripts with an SL1 
deletion exhibited a significantly increased proportion of alterna
tive conformers in the presence of as little as 5 mm Mg2+ 

(Figure 1), indicating that the equilibrium between the major 
and alternative conformations of SL1-deleted transcripts is rela
tively more sensitive to Mg2+, which is widely reported for its 
crucial role in stabilizing RNA structures and promoting func
tional activities [45].

We observed a more significant conformational shift for the 
transcripts with deleted SL5a/b/c (Figure 1), in which the 
highly conserved 5’-gUUUCGUc-3’ structural motifs are api
cally located [32]. Other deletion mutants that may interfere 
with the formations of SL5 and/or the apical structural motifs, 
such as the transcript Δ5’SL5 in which the 5’-side sequences of 
the SL5 stem region are deleted, also showed modest Mg2+- 
dependent conformational shifts (Figure 1), while transcripts 
ΔSL2/3 and ΔSL4 have the least conformational shifts. It has 
been speculated that the apical structural elements SL5a/b/c, 
present in the SL5s of alpha- and beta-CoVs, promote selective 
packaging [28,32]. Here we found that SL5a/b/c play critical 
roles in the conformational stability of SARS-CoV-2 5’- 
proximal gRNA. To verify whether the SL conformation repre
sents the major form of the 5’-proximal transcripts in native 
gels, we generated mutant Rev1, in which multiple base-pairing 
nucleotides were swapped in the stem regions of SL1–5 to 
eliminate potential alternative conformations while maintain
ing the SL conformation as shown in Figure S1. Figure 2A 
shows that the major bands of wild-type and the mutant 
transcripts have comparable mobility in native gels, revealing 
their conformational similarity. Figure 2B shows that Rev1 
mutants exhibit no observable conformational shifts in the 
presence of Mg2+, unlike wild-type and SL-deleted transcripts 
(Figure 1), suggesting that the nucleotide substitutions inn 
Rev1 transcripts relatively stabilize SL-conformations.

To investigate whether other CoV 5’-proximal sequences 
also undergo Mg2+-dependent conformational shifts, we 

Figure 1. EMSA of SARS-CoV-2 5’-proximal gRNA transcripts. The wild-type (WT) and mutants with deleted SL1 (ΔSL1), SL2/3 (ΔSL2/3), SL4 (ΔSL4), 5’-sequence of SL5 
(Δ5’SL5), spacer sequence between SL4 and 5 (ΔSP4/5), and SL5a/b/c (ΔSL5a/b/c) were analysed for mobility shifts in native acrylamide gels. Each transcript was re- 
folded prior to electrophoresis in the presence of varying concentrations of MgCl2, as indicated. The arrows highlight the major MgCl2-dependent conformationally 
shifted transcripts with significantly altered mobility. The sequences of these 5’-transcripts are provided in Figure S1 and S2.
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generated wild-type and Rev1 mutant transcripts of HCoV- 
229E (Figure S1 and 2). It was revealed that the wild-type 
transcripts exhibit alternative conformations in the presence 
of 15–20 mm Mg2+ but not the mutated transcript Rev1 
(Figure 2C). These data suggest that the native 5’-proximal 
transcripts of SARS-CoV-2 and HCoV-229E may shift from 
a major conformation to alternative conformations in the 
presence of Mg2+, and deletions of SL5a/b/c result in more 
significant conformational shifts.

3.2. SARS-CoV-2 N protein preferentially binds to 
SL-conformer

Previously, the PS of TGEV was proposed to reside in the 5’- 
proximal sequences of gRNA [35]. Recently, it has been found 
that the 5’-proximal sequence of SARS-CoV-2 gRNA also 
participates in selective packaging [33]. Here, we verified the 
binding between SARS-CoV-2 N proteins and the 5’-proximal 
transcripts of gRNAs using EMSA. The results show that the 
binding of in vitro synthesized RNA transcripts of the SARS- 
CoV-2 5’-proximal gRNA is slightly stronger than that of 
non-specific RNA transcripts derived from Firefly luciferase 
(Fluc) coding sequences. This is evident from the reduced 
presence of unbound free RNAs, although the bound complex 
bands appear at lane 5 (Figure 3). This result suggests that the 
N protein preferentially interacts with structured RNA tran
scripts. However, the abundant positive charges of the 
N protein also facilitate non-specific binding to a variety of 
RNAs to a certain extent [46]. We also found that the 3’- 
transcripts of SARS-CoV-2 gRNA exhibit relatively high bind
ing affinity to the N proteins (Figure 3), consistent with 

previous reports that N protein promotes replication, tran
scription, and/or translation by interacting with the highly 
structured 3’-end of gRNA [39–41]. The strong binding 
between the 3’-end and the N protein may facilitate selective 
packaging synergistically with the 5’-sequence [33]. However, 
the critical PS is unlikely to reside in the 3’-region because all 
the sgRNAs also possess 3’UTRs as gRNA does; yet only the 
full-length gRNAs are predominantly packaged into virions. 
Therefore, the 5’-proximal region is more likely to play 
a critical role in directing selective genome packaging and 
warrants further investigation.

In the comparison of the seven CoVs prevalent among 
humans (Figure 4), HCoV-OC43 and HCoV-HKU1 exhibit 
sequence insertions that fold into structural elements with 
repetitive structural motifs in the Nsp15 coding sequence, 
similar to the characteristic MHV-PS. In contrast, the other 
five HCoVs, HCoV-229E, HCoV-NL63, Middle East 
Respiratory Syndrome-related CoV (MERS-CoV), SARS- 
CoV, and SARS-CoV-2 lack these sequence insertions and 
homologous structures (Figure 4A). Instead, these non- 
Embecovirus human beta-CoVs possess additional conserved 
structural elements, SL5a, -b, and -c, in the 5’-proximal region 
of their gRNAs (Figure 4B). This feature suggests that SL5a/b/ 
c in SARS-CoV-2 gRNA may functionally correspond to 
Embecovirus PS for encapsidation (Figure 4C,D).

To investigate whether stabilizing the SL-conformation and 
eliminating alternative conformations of the 5’-proximal 
gRNA transcripts facilitates N protein binding, mutated tran
scripts were subjected to EMSA and compared with wild-type 
transcripts. Figure 5 shows that the SARS-CoV-2 mutant Rev1 
exhibits a stronger association with the N proteins, evidenced 

Figure 2. EMSA of mutant CoV 5’ RNA transcripts. (A) Synthesized wild-type and the mutant 5’-transcripts of SARS-CoV-2 Rev1 exhibited similar major bands in native 
acrylamide gel. Transcripts of (B) SARS-CoV-2 Rev1 and (C) HCoV-229E wild-type (WT) and Rev1 were refolded in differential concentrations of MgCl2 prior to native 
acrylamide gel electrophoresis, respectively, in which multiple mutations were applied to abolish potential alternative conformations while the sl-conformation was 
maintained. The arrow indicates the positions of conformational shifted transcripts with significantly changed mobility. Sequences of HCoV-229E transcripts were 
listed in Figure S2.

Figure 3. EMSA of SARS-CoV-2 5’-proximal gRNA transcripts with N proteins. The ~ 300-nt transcripts of SARS-CoV-2 5’-proximal gRNA, firefly luciferase 5’-proximal 
coding sequences, and SARS-CoV-2 3’-proximal gRNA sequences were subjected to EMSA with serially diluted SARS-CoV-2 N proteins. The initial molar ratio between 
RNA transcripts and N proteins was 1:6.6, followed by 3/4X serial dilutions. Dashed lines indicate the lanes exhibiting partial or complete band shifts corresponding to 
the RNA-N protein complexes, while the dotted line marks the lanes showing partially or fully unbound free RNA transcripts.
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Figure 4. Potential counterparts of the conserved ps-like structural elements identified in gRNAs of human CoVs. (a) Multiple sequence alignments of regions 
corresponding to the Nsp15-located embecovirus-ps and (b) the 5’UTR-located 5’-UUYCGU-3’ structural motifs (highlighted in green) are shown for the model CoV 
MHV and various human CoVs. (c) Predicted secondary structure models of the MHV-PS and its potential counterparts in HCoV-HKU1 and HCoV-OC43 are displayed. 
(d) Secondary structure predictions of clustered conserved motifs in the 5’UTRs of non-embecovirus human CoVs are shown. Highly conserved repetitive structural 
motifs are enclosed with solid-line boxes, while less conserved motifs are outlined with dashed-line boxes.

Figure 5. EMSA of 5’-proximal gRNA transcripts with N proteins. Wild-type and Rev1 mutants of (a) SARS-CoV-2 and (b) HCoV-229E 5’-transcripts were tested for their 
binding to serial diluted SARS-CoV-2 N proteins. The molar ratio between RNA transcripts and N proteins started from 1:6.6 with 3/4X serial dilutions. Sequences of 
these mutant transcripts were listed in Figure S1 and 2. Dashed lines indicate lanes showing (partially) shifted bands of RNA-N protein complexes, while dotted lines 
mark lanes with (partially) unbound free RNA transcripts.
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by more significant band shifts at relatively lower concentra
tions of N proteins. These results indicate that sequence 
alterations do not abolish the association between the 5’- 
transcripts and the N protein as long as the SL-like conforma
tion is maintained. Moreover, the relatively weaker binding 
shown by the wild-type 5’-transcripts suggests that the native 
sequence is less stable than the mutant for N protein binding. 
A similar trend was observed in the binding between 5’- 
transcripts of HCoV-229E Rev1 and the N protein, which 
showed relatively stronger binding compared to the wild- 
type (Figure 5B). This finding suggests that the native 5’- 
proximal transcripts of CoV gRNAs have a relatively more 
flexible structural feature with potentially less rigid SL-like 
conformers for N protein binding. One possible benefit of 
this flexibility is that the 5’-proximal region, which contains 
multiple cis-acting elements, may undergo conformational 
switches to facilitate its diverse regulatory roles in the viral 
life cycle, including replication and translation [47–49]. Such 
conformational switching upon N protein binding may be 
critical for the N protein-mediated regulation of viral replica
tion, transcription, and translation [50–54].

3.3. Identification of N protein-derived peptides that 
bind to CoV 5’-proximal transcripts and SL5a oligos

The NTD of SARS-CoV N protein has been implicated in RNA 
binding [3,14,55], while in other CoVs, the CTD has also been 
shown to possess RNA-binding ability [19,56–58]. However, the 
critical peptide motifs within the N protein responsible for RNA 
binding have not been systematically investigated. To address 
this, we generated a synthetic library consisting of eighty 15-a.a. 
peptides spanning the entire SARS-CoV N protein (Table S1). 
This peptide library was subjected to RNA-binding assays with 
the transcripts of the SARS-CoV 5’-UTR and HCoV-229E SL5, 
respectively, to identify strong RNA binders. Figure 6A shows 

the EMSA results of the RNA transcripts tested with 16 subsets 
of pooled peptides in the first round of screening. Peptide pools 
that caused significant band shifts were further analysed using 
individual peptides (Figure 6B). Ultimately, five peptides with 
significant RNA-binding ability were identified as listed in Table 
S1, designated as Peptide #7, #8, #17, #37, and #51.

Mapping these peptide sequences onto structural models of 
SARS-CoV-2 N protein revealed their locations: Peptides #7 and 
#8 are in the intrinsically disordered N-arm; Peptide #17 spans 
the α1 and β2 motifs of the NTD; Peptide #37 is located at the 
centre of the S/R-rich region; and Peptide #51 corresponds to the 
α0-η1 motifs at the N-terminus of the CTD [3,4,16,25]. 
A common feature among these peptides is their positive charge 
(Table S1). However, the presence of positive charges alone does 
not fully explain their RNA-binding activities, as these peptides 
were not the most positively charged peptides among all the 
peptides in the library. Some other highly positively charged 
peptides, such as Peptides #52 and #73, were not capable of 
binding RNAs (Table S1). Another common characteristic of 
the RNA-binding peptides is the presence of R residues. 
However, peptides with high R content, such as #18 and #38, 
did not show significant RNA binding. Intriguingly, recent stu
dies reported that R92E and R107E mutations significantly 
reduce the RNA-binding ability of SARS-CoV-2 N protein 
[25], highlighting the importance of these conserved 
R residues. These two specific R residues map to peptides 
#17–19 and #20–22, yet only Peptide #17 exhibited significant 
binding to the RNA transcripts. Collectively, these findings 
indicate that both sequence and structural contexts are critical 
for these peptides to interact with CoV RNA transcripts, even 
though positive charges and R residues are hallmarks of RNA- 
binding peptides.

We further tested whether these SARS-CoV N protein- 
derived peptides, particularly those mapped to NTD, could 
bind to 5’-transcripts of other CoVs. Figure 7 shows the EMSA 

Figure 6. Screening of RNA-binding peptides from the N protein-derived peptide library. Transcripts of SARS-CoV 5’UTR and HCoV-229E SL5 were subjected to EMSA 
with (a) pooled peptides and (b) individual peptides derived from SARS-CoV N protein.
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results for Peptides #7, #17, and #37 with the 5’-proximal tran
scripts of SARS-CoV, SARS-CoV-2, HCoV-229E, and MHV- 
A59, respectively. These peptides interacted with all tested tran
scripts without significant differences under our experimental 
conditions. Notably, peptide-dependent conformational shifts 
were observed in the 5’-proximal gRNA transcripts, particularly 
for HCoV-229E. A slower-migrating band was detected for 
HCoV-229E 5’-transcripts in the presence of peptides 
(Figure 7), with mobility similar to MHV-A59 5’-transcripts, 
which lack the SL5a/b/c region (Figure 7). This finding suggests 
that SL5a/b/c contributes to forming a more compact SL- 
conformation, consistent with our comparison of WT and 
ΔSL5a/b/c transcripts of SARS-CoV-2 (Figure 1). Furthermore, 
these data suggest that certain peptides may facilitate conforma
tional changes, as N proteins have been reported for their cha
perone activity [59].

To investigate whether N protein and its derived peptides 
preferentially bind the apical 5’-gUUUCGUc-3’ motif of SL5a/ 
b, we synthesized RNA oligos resembling this motif and a non- 
specific hexa-loop 5’-gAACAAAc-3’. Figure 8A shows the loop 
sequences of the 5’-FAM-labelled SL5a-Wt and the 5’-Cy5- 
labelled mutant RNAs. Equal amounts of these two differen
tially labelled RNA hairpins were pre-mixed and subjected to 
competition EMSA with N protein (Figure 8b) and Peptide #17 
and #37 (Figure 8C,D), respectively. Distinct green and red 
fluorescence channels visualized SL5a-Wt and SL5a-Mut oligos, 
respectively. The results show that fewer wild-type probes 

(green) remain unbound compared to mutant probes (red) at 
the same N protein concentration (Figure 8B), indicating 
a binding advantage for SL5a-Wt. Similarly, SL5a-Wt showed 
stronger binding to Peptide #17 (Figure 8C) but not #37 
(Figure 8D). These findings suggest that the loop sequence 
influences N protein binding. One potential mechanism is 
that the G-residue in the motif is recognized by the 
G-specific binding pocket of the N protein [60]. However, 
this G-binding pocket has been reported to reside in the 
CTD, whereas Peptide #17, which showed differential binding, 
is in the NTD. These results suggest that the selective binding 
of the N protein to SL5a may be synergistically facilitated by 
multiple RNA-recognizing motifs. Further research is required 
to explore this mechanism.

3.4. The formation of N-protein condensates in vitro with 
CoV 5’-proximal transcripts

It has been demonstrated that purified SARS-CoV-2 N-proteins 
undergo LLPS in vitro to form droplets in solution [61–63]. This 
process is sensitive to salt concentration, temperature, protein 
concentration, and the presence of RNA. In our experiments, we 
observed that SARS-CoV-2 N-proteins form more droplets in the 
presence of 200 mm NaCl compared to low (20 mm) or high 
(800 mm) NaCl concentrations (Figure S3A). Additionally, we 
found that fluorescence-labelled RNA probes co-localize with 
these droplets (Figure S4A). Previous studies have suggested that 

Figure 7. EMSA showing interactions between CoV 5’-proximal RNA transcripts and the N protein-derived peptides. The 5’-proximal gRNA transcripts of SARS-CoV, 
SARS-CoV-2, HCoV-229E, and MHV-A59 were subjected to EMSA with the peptide #7, #17, and #37, respectively. Each lane contains 1000 ng of RNA transcripts with 
1/2X serial diluted peptides starting from 2 ng/μl in a 10-μl mixture.
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SARS-CoV-2 gRNAs promote the LLPS of N-proteins [63–65]. 
Consistent with these findings, we observed condensate formation 
when SARS-CoV-2 N-proteins were incubated with their 5’RNAs 
(Figure 9). However, we found that an excessive amount of RNA 
transcripts abolishes droplet formation, leading to dense precipi
tation instead (Figure 9A). We also tested the condensate forma
tion of MHV 5’RNAs with SARS-CoV-2 N proteins. By 
comparing wild-type and mutant MHV 5’RNA transcripts 
(Figure 9B), we found notable differences. The wild-type tran
scripts contain the typical Embecovirus-specific SL5 structure, 
which lacks SL5a/b/c, whereas the mutant transcripts were engi
neered to include Sarbecovirus-like SL5a/b/c (Figure 9C,D). Our 
observations revealed that the insertion of additional SL5a/b/c 
into the MHV 5’-transcripts significantly enhances condensate 
formation (Figure 9B). This suggests that SL5a/b/c may positively 
influence condensate formation. These in vitro LLPS experiments 
provide insights into the potential role of SL5a, b, and c in 
N-protein interactions and possibly genome packaging. Future 
studies using reverse-genetically engineered viruses are required 
to provide further evidence of these findings in vivo.

4. Discussion

The CoV N proteins are structurally heterogeneous RNA-binding 
proteins with multiple structural domains and IDRs [5,20,64,67– 
69]. It has been suggested that the SARS-CoV-2 N protein consists 
of two independently folded NTD and CTD which are connected 
by the S/R-rich LKR. In addition, two IDRs are found at the 
termini of both the NTD and CTD. It is generally known that 
the NTD is responsible for RNA binding, while the CTD is 
predominantly responsible for dimerization [25,56,58,70–74]. In 
addition to the broadly studied NTD, we demonstrated RNA- 
interacting activities for the IDRs in N proteins by screening the 
peptide library derived from N protein, which had been previously 
reported but less characterized [75]. Among the five RNA-binding 
peptides we have identified in this study, three were mapped to the 
IDRs, including Peptide #7 and #8 derived from the intrinsically 
disordered N-arm and Peptide #37 from the S/R-rich LKR. Recent 

studies have shown that deletion of the N-arm decreases the range 
of RNA concentrations inducing phase separation of SARS-CoV 
-2 N protein [76], and the S/R-rich region has been suggested to 
have RNA-binding capacity under hydrogen – deuterium 
exchange mass spectrometry analysis [77]. These findings collec
tively suggest that the IDRs in CoV N proteins play crucial roles in 
regulating the RNA-binding and/or oligomerization dynamics 
upon engaging RNAs, as has been recently proposed [22– 
24,68,76,78–82]. An intriguing finding in this study was that 
only Peptide #37 was found to have strong RNA-binding activity, 
whereas other neighbouring peptides, e.g. #36, #38–40, showed no 
significant binding despite their high contents of S/R residues. 
This result indicates that other uncharacterized sequence and/or 
structure contexts could be crucial for RNA binding. Previous 
studies have reported that the S/R residues in the LKR are poten
tially phosphorylated/methylated and such modifications may 
regulate the binding of N proteins to the 5’UTRs of SARS-CoV 
and SARS-CoV-2 gRNAs [52,83,84]. However, the peptides tested 
in this study consisted of native a.a. without modifications. How 
phosphorylation and/or methylation may affect the RNA binding 
activity of S/R-rich peptides remains to be determined in the 
future. (why not #51)

The interactions between 5’-proximal transcripts of CoV 
gRNAs and N proteins have been shown to be crucial not 
only for genome packaging but also for replication. It was 
reported that MHV N protein binds to the transcriptional 
regulatory sequence (TRS) in the 5’-proximal sequences of 
gRNAs with high affinity and specificity, and such interac
tion plays an important role in discontinuous RNA tran
scription [50,51,53,85]. However, such TRS-binding 
specificity was found not significant in SARS-CoV [85]. 
Thus, it is not clear whether such specific binding of 
N protein to TRS, which is critical for efficient sgRNA 
synthesis of MHV, applies to all CoVs [54]. Intriguingly, 
these previous studies in MHV have revealed the helix 
unwinding properties of the N proteins that promote tem
plate switching. In TGEV and SARS-CoV, their N proteins 
were found to possess RNA chaperone activities which could 

Figure 8. The binding between SL5a RNA oligos and N proteins/peptides. (A) Fluorescein (fam)-labelled wild-type SL5a RNA oligos, containing the native 5’-gUuucguc 
-3’ hexa-loop motif, and Cy5-labelled mutant SL5a RNA oligos, containing the altered 5’-gAacaaac-3’ loop sequence, were subjected to competition EMSA. (B) EMSA 
analysis of SL5a RNA oligos with SARS-CoV-2 N protein. Each lane contains 28.4 nM of fam-labelled wild-type SL5a and Cy5-labelled mutant SL5a, incubated with 
serially diluted N proteins (1/2X dilutions), starting from 85 ng/µl. The green fluorescence channel detected the fam-labelled wild-type oligos, while the red 
fluorescence channel detected the Cy5-labelled mutant oligos. (C-D) competition EMSA of SL5a wild-type and mutant RNA oligos (0.8 µm each) with serially diluted 
(starting from 10 ng/µl, 1/2X dilutions) peptides (C) #17 and (D) #37, respectively. The assays were performed using native PAGE, followed by fluorescence imaging.
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modulate the conformations of RNAs [59]. Here we reported 
that Peptide #7, #17, and #37 have general RNA binding 
activities to 5’-proximal transcripts of four different CoVs 
(Figure 7), yet the peptide-induced conformational shifts 
were more significantly observed in some particular peptide- 
RNA pairs, e.g. Peptide #7 with HCoV-229E 5’-transcripts. 
This result indicates that 5’-transcripts of different CoV 
gRNAs have differential sensitivities to peptide-induced con
formational shifts while different peptides may also have 
differential chaperone activities. In experiments probing the 
binding specificities of the peptides to wild-type SL5a over 
the mutant, Peptide #37 did not show significant selectivity. 
Peptide #17 showed preferential binding to the wild-type 
SL5a, which is mapped to the α1 and β2 motifs of the 
NTD. Possibly, selective packaging is initiated by specific 
recognitions mediated by NTD, while the IDRs may facilitate 
encapsidation with their non-specific RNA interacting abil
ity, supporting the dynamic and flexible RNA binding mod
els recently proposed by several research groups 
[22,24,68,81,82,86].

We showed in this study that the 5’-proximal structural 
elements, SL5a/b/c in particular, are crucial to promote the 
SL-conformation of the 5’-proximal transcripts of SARS-CoV 
-2 gRNAs for N protein binding. We also found that the 
N protein preferentially interacts with SL5a with the highly 
conserved 5’-gUUUCGUc-3’ motif. These data support the 
idea that SL5 and its apical structural elements, SL5a/b/c, 
participate in selective genome packaging [9,28,32], in accor
dance with what has been reported for TGEV and SARS- 
CoV-2 that the 5’-proximal regions are critical for CoV 
genome packaging. Nonetheless, other regions in CoV 
gRNAs have also been reported to direct RNA packaging 
[12,26,87], though those tested regions lack specific struc
tural and phylogenetic homology. For instance, Syed et al., 
showed that the segment stretching from nt 20,080 to 22,222 
of SARS-CoV-2 gRNA promotes non-viral reporter mRNAs 
to be packaged into virus-like particles made of recombinant 
N, M, E, and S proteins [87]. This particular packaging- 
promoting segment spans across the coding sequences of 
Nsp15 and 16 and partial S protein. However, further 

Figure 9. The N-protein condensates with SARS-CoV-2 and MHV 5’-proximal gRNA transcripts. Microscopic images show the formation of condensates between 
N proteins and in vitro synthesized 5’-proximal gRNA transcripts. (A) Condensates formed by SARS-CoV-2 N protein with SARS-CoV-2 5’-proximal gRNA transcripts 
were observed after 10, 30, and 60 minutes of incubation. The protein-to-RNA weight ratios tested were 1:0.9 (high), 1:0.05 (medium), and 1:0.005 (low), respectively. 
(B) Condensates formed by SARS-CoV-2 N protein with (C) wild-type and (D) mutant MHV 5’-proximal gRNA transcripts. The wild-type MHV 5’RNA lacks the apical 
SL5a, SL5b, and SL5c structural elements, while the mutant MHV 5’RNA is engineered to include these elements, mimicking the SL5a/b/c structures of SARS-CoV-2. 
The secondary structures of the wild-type and mutant MHV 5’RNAs were predicted using RNAfold [66]. Scale bar: 100 µm.
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dissections of such ~ 2000-nt segment did not lead to the 
identification of specific elements similar to Embecovirus PS 
or Sarbecovirus SL5a/b/c. It was suggested that this particular 
segment has high proportions of double-stranded regions 
with non-specific structures. Terasaki et al. identified 
a 1.4-kb sequence within the coding regions of nsp12 and 
nsp13 in SARS-CoV-2 genomic RNA as critical for efficient 
viral RNA packaging [31]. While several structural elements 
are computationally predicted within this region, they do not 
exhibit significant structural homology or phylogenetic con
servation across related coronaviruses. This lack of conserva
tion raises questions about the specific mechanisms through 
which this sequence facilitates RNA packaging. It is possible 
that the packaging efficiency mediated by this region is not 
driven by conserved structural motifs but rather by 
a combination of its intrinsic properties, such as high pro
portions of double-stranded regions, sequence composition, 
or the dynamic interplay between RNA and viral proteins. 
Previously, double-stranded RNAs have been reported to 
have stronger interactions with N proteins than single- 
stranded RNAs [25,88,89,9091]. This may explain how this 
particular segment of gRNA was capable of promoting the 
formation of virus-like particles without possessing PS-like 
structural elements. We propose that genome packaging may 
be selectively initiated by the recognition of PSs comprising 
specific clustered structural motifs and synergistically pro
moted by non-specific RNA-protein interactions that cover 
the whole genome. However, it could be highly challenging 
to distinguish specific from non-specific RNA binding events 
for CoV N proteins. To study the RNA-N protein complex 
with resolved structural and spatial heterogeneity, microflui
dic small-angle X-ray scattering could be a versatile techni
que for future studies to resolve the particle size, shapes, and 
dynamics of the RNA transcripts upon interacting with the 
N proteins. On the other hand, to pinpoint the locations and 
the structural features of the PS in SARS-CoV-2 gRNAs, 
further in vivo studies that take advantage of CoV reverse 
genetic systems to generate specific packaging-deficient 
mutants should be carried out.

Electrophoretic mobility shift assays have been widely 
used as a versatile tool to investigate RNA-protein interac
tions. However, this technique has inherent limitations, 
particularly in studying the dynamic and heterogeneous 
interactions between IDR-containing proteins and RNAs. 
These limitations can make it challenging to distinguish 
specific interactions without supplementary evidence. 
Despite these challenges, we emphasize that EMSA remains 
a crucial first-line tool for characterizing RNA-protein 
interactions, and have taken significant measures to inter
pret our EMSA and LLPS experiments appropriately. The 
insights gained from these assays laid the groundwork for 
more advanced structural approaches, such as cryo-electron 
microscopy (cryo-EM) and small-angle X-ray scattering 
(SAXS), which we propose as future steps to resolve the 
molecular details of RNA-N protein interactions. In con
clusion, we have revealed previously uncharacterized RNA- 
protein binding features between SARS-CoV-2 5’-proximal 
gRNA transcripts and the N proteins, providing new per
spectives on N protein-mediated genome packaging and 

other regulatory functions. We highlight the critical roles 
played by SL5a/b/c, which influence the conformation of 
the 5’-proximal transcripts and affect the condensate for
mations with N-proteins. For the RNA-binding peptides 
identified in this study, further optimizations to improve 
their binding ability, structural selectivities, and physiolo
gical properties would be crucial for the development of 
prospective peptide antagonists against SARS-CoV-2.
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Appendix

.

Figure A1. The canonical and the potential alternative secondary structure models of SARS-CoV-2 5’-proximal gRNA sequence. The canonical structure models of (A) 
Wildtype and (B) the mutant Rev 1 are shown, in comparison with their potential folding of alternative conformations (C and D), respectively. The alternative 
conformations are adapted from model proposed by [89]. 
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Figure A2. Sequences of CoV 5’-transcripts studied in this report. The sequences of wildtype and mutant 5’-transcripts were aligned and predicted for their 
consensus secondary structures with LocARNA provided by Freiburg RNA Tools. Red color-coded sequences represent highly conserved pairing nucleotides, while 
yellow-coded were less conserved in LocARNA’s default algorism. [88, 90, 91]. 

Table A1. Lists of the peptide sequences of the peptide library. Eighty 15-mer peptides with 10-a.a. overlaps spanning the whole 646 SARS-CoV N protein were 
synthesized. The charges of each a.a. (at pH7.5) were indicated positive (+), neutral (0), and negative (-), 647 respectively. Net charges were accumulatively calculated 
for each peptide as indicated. Significant RNA-interacting peptides were 648 label as “●” while peptides with no significant RNA binding activities were labeled as 
“○” according to the results showed 649 in Figure 6.
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Figure A3. N-protein condensates in vitro. (A) Purified SARS-CoV-2 N-proteins were tested for condensate formation in different concentration of NaCl. The N-protein 
condensates were co-localized with the florescence-labeled RNA probes. Scale bar: 100 μm. 
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